Microstructure evolution driven by thermal coarsening is an important factor for the loss of oxygen reduction reaction rates in SOFC cathode. In this work, the effect of an initial microstructure on the microstructure evolution in SOFC cathode is investigated using a recently developed phase field model. Specifically, we tune the phase fraction, the average grain size, the standard deviation of the grain size and the grain shape in the initial microstructure, and explore their effect on the evolution of the grain size, the density of triple phase boundary, the specific surface area and the effective conductivity in LSM-YSZ cathodes. It is found that the degradation rate of triple phase boundary density and specific surface area of LSM is lower with less LSM phase fraction (with constant porosity assumed) and greater average grain size, while the degradation rate of effective conductivity can also be tuned by adjusting the standard deviation of grain size distribution and grain aspect ratio. Solid oxide fuel cell (SOFC) is a promising candidate to achieve clean electricity generation with high efficiency.
Solid oxide fuel cell (SOFC) is a promising candidate to achieve clean electricity generation with high efficiency. [1] [2] [3] [4] [5] Using ionic conductor, e.g. yttria stabilized zirconia (YSZ), as electrolyte, and perovskite oxides, e.g. La 1-x Sr x MnO 3 (LSM) or (La, Sr)(Co, Fe)O 3 (LSCF), as cathode material, SOFC usually operates at relatively high temperature, i.e. between 600
• C to 1000
• C, 1 due to the large activation energy for oxygen ion diffusion 6 and oxygen reduction reaction (ORR). 7 This high operating temperature makes SOFC free from noble metal catalyst and highly flexible to a wide range of fuels. 8 However, it also makes SOFC vulnerable to degradations caused by, for example, coarsening, secondary phase formation and Cr poisoning, [9] [10] [11] which limit the long-term stability of SOFC.
Coarsening has been found to be one of the degradation mode in LSM-based SOFC cathode above 850
• C. 11 The increased polarization resistance after coarsening suggests its impact on the ORR in the cathode. There are two possible pathways for ORR on LSM, i.e. the electrode surface pathway and the bulk pathway. 7, 12, 13 Due to the small ionic conductivity of LSM, the electrode surface pathway is considered to be dominating in the conventional composite cathode of LSM and YSZ. In this pathway, the oxygen molecule is converted to oxygen intermediates on the LSM surface, diffuses to the triple phase boundary (TPB) through surface diffusion and incorporates into YSZ at TPB. The rate determining step is still under debate, and it might depend on the operational condition and the microstructure. But it is known that both the TPB density and specific surface area (SSA) of LSM can influence the rate of the electrode surface pathway in the SOFC cathode. 7, 13 Previous experiments and simulations have shown that the coarsening in SOFC electrode leads to the loss of both the TPB density and the SSA of electrode phase, [14] [15] [16] [17] which increases the polarization resistance in cathode. In addition, coarsening is known to increase the ohmic resistance in SOFC electrodes as well. 17, 18 Therefore, slowing down the coarsening and the concomitant property degradation is important to mitigate the long-term degradation in the performance of SOFC cathode.
Unfortunately, the capillarity-driven coarsening, 19 including grain growth 20 and Ostwald-ripening type phase coarsening, 21 in SOFC cathodes cannot be completely stopped. As long as there are grains with different sizes, the driving force of the coarsening, i.e. the curvature difference, is always there to force the microstructure to evolve. However, the rate of coarsening in SOFC electrodes can be tuned z E-mail: yinkai.lei@netl.doe.gov by carefully designing the initial microstructure. It is reported that the coarsening rate of Ni in anode shows a strong dependence on the volume fraction of YSZ phase, which is attributed to the blocking effect of the slowly growing YSZ phase. 14 Previous phase field simulation also shows that increasing the grain size of the Ni phase can reduce the rate of coarsening, hence the degradation rate of TPB density and effective conductivity, in the Ni-YSZ anode. 16 It is anticipated that a similar effect can be found in the LSM-YSZ cathode as well. However, such a study is still lacking. And even the studies on anode is not systematic for that only two compositions have been investigated in Ref. 14, while all the Ni particles are assumed to be the same size and spherical in Ref. 16 , which is hardly the case in a real electrode. Therefore, a systematic study on how the attributes of the initial microstructure affect the long-term degradation behavior of SOFC cathode is desired, as it could help to improve the durability of SOFC cathode.
In this study, we employ a newly developed phase-field model 17 to investigate the effect of the initial microstructure on the microstructure evolution and property degradation in SOFC cathode. This multiphase-multigrain model has significantly improved tunability on the relative interfacial energy, which makes it applicable to the LSM-YSZ cathode. The coarsening in the cathode with different phase fraction and average grain size of LSM are simulated and compared to experiments and previous phase field simulations. Moreover, the coarsening in the cathode with different standard deviation of grain size distribution (GSD) and grain shape are simulated as well. The degradations of TPB density, SSA of LSM phase and effective conductivity have been investigated. A discussion on the optimal initial microstructure in SOFC cathode is made based on the results of these simulations.
Methodology
Our newly developed phase-field model 17 uses two types of order parameters, i.e. the conserved composition order parameter (COP) C i (0 ≤ C i ≤ 1) and the non-conserved grain order parameter (GOP) η i j (0 ≤ η i j ≤ 1) to describe the microstructure of SOFC cathodes. The COP C i represents the phase fraction of phase i, with the YSZ, LSM and pore phase denoted by i= 1, 2, and 3 respectively. Since C 1 , C 2 and C 3 should add up to 1, two COPs such as C 1 and C 2 are sufficient to characterize the three-phase system in terms of composition distribution. In addition, there are M i GOPs η The total free energy functional of the system is chosen to be
where κ i j η and κ i j C are the gradient energy coefficients which need to be determined for a specific material system, and f 0 ({C i }, {η i j }) is the bulk free energy density which is constructed to be
where
These polynomials in Eq. 3 are chosen so that f 0 ({C i }, {η i j }) has local minima at C i = η i j = 0 and C i = η i j = 1 whereas the energetic parameters ρ i , ρ 12 , χ i and ε i jk are to be determined for a specific material system as well. A detailed discussion on the free energy functional and the relevant parameters has been given in Ref. 17 .
The spatial-time evolutions of the COPs and GOPs are governed by the Cahn-Hilliard equation and the time-dependent Ginzburg-Landau equation respectively, i.e.
η are the mobilities of COPs and GOPs respectively. These equations conserve the total fraction of each phase while allow grains to change from one crystallographic orientation to the other. The information on the densification in cathode is limited in the literature. Densification has been reported during sintering at relatively high temperature. 22 Densification near the YSZ-LSM interface has also been reported at the temperature greater than 850
• C. 11 However, there are experiments showing that the porosity in LSM-YSZ cathode doesn't have much temperature dependence up to 1200
• C. 23 An experiment on a very large reconstruction volume also shows that the porosity in the cathode remained almost unchanged after 4 weeks at 800
• C in the region that is not penetrated by Ag. 24 So it is hard to conclude if there is densification or not in the cathode during coarsening. In contrast, there are several experiments on anode showing that there isn't any observable change in the porosity in anode after coarsening for up to 500 hours. 15, 25 Therefore, for simplicity we assume that the overall porosity in cathode does not change with time. A large number of GOPs, hence coupled Eq. 5, are essential to simulate the microstructure evolution of a polycrystal system. Therefore, the sparse data structure proposed in Ref. 20 is used to overcome this difficulty. Eqs. 4 and 5 are solved on a cubic mesh with the spatial resolution of 0.1 μm in all x, y and z directions. The fourth order Runge-Kutta method with time step of 10 second is used in the integration in time domain.
The microstructure evolution in the phase field model is driven by the reduction of interfacial energy in the system. Therefore, it is important to match the energy and mobility of the interfaces in the phase filed model to that of the LSM-YSZ material system. In this work, the interfacial energy is assumed to be isotropic for simplicity. To our knowledge, report on the orientation dependence of interfacial energy in LSM-YSZ cathode is scarce in the literature. Once it is known, anisotropic interfacial energy can be incorporated via changing the gradient energy coefficients κ i j η and κ i j C from scalars to tensors. We use the energetic parameter sets for LSM-YSZ cathode developed in Ref. 17 which provide fairly good descriptions of the interfacial energy in the cathode. The same constant mobility in Ref. 17 , which is comparable to the diffusivity and grain boundary mobility of LSM at 1000
• C, is used for all three phases in the first 500 steps to equilibrate the profile of COPs and GOPs in the interface region. The diffusivity of cations in YSZ is 9 orders of magnitude lower than that in LSM. 26, 27 Therefore, the mobility of YSZ phase is set to zero after the equilibrium steps. In addition, the diffusivity of La and Sr in YSZ is much smaller than that in LSM. 28, 29 YSZ and pores are expected to block the diffusion path of cations in LSM. Despite that the exact diffusivity of LSM in YSZ and pore is unknown, our previous simulations in Ref. 17 show that setting the mobilities of Ni in YSZ and pore phases one and two orders of magnitude lower than that in Ni phase leads to prediction of TPB degradation rate in anode in good agreement with experiments. The same mobility setting is assumed in this work.
The initial microstructure used in this work is generated by DREAM.3D, 30 in which the GSD is assumed to be log-normal. The model size is chosen to be 12.8 × 12.8 × 12.8 μm 3 , which is sufficiently large to reduce the error in effective conductivity by random sampling, to be less than ∼5%. 17 With such model size, the typical number of grains in each solid phase is more than 800 at the beginning and more than 300 at the end of simulations. To investigate the effect of the four attributes of the initial microstructure, i.e. the phase fraction, the average grain size, the standard deviation of GSD and the grain shape, we start from a baseline electrode with 35% YSZ, 35% LSM and 30% pore, in which the grain of all phases are assumed to be equiaxed with the average grain size of 0.53 μm and the standard deviation of GSD of 0.13 μm. Then we deviate each of the four attributes from the baseline electrode one by one and check their effect on the rate of grain coarsening and property degradation in the SOFC cathode. The effective conductivity (σ ef f ) is defined as the ratio between the output current (I ) and an applied voltage (U ) on two opposing sides of the electrode in the corresponding direction, which is in turn normalized by the ratio between the cross-section area (A) and length (L) of the electrode, i.e.
The output current is calculated by solving the Poisson's equation on the cathode microstructure using the bound charge successive approximation algorithm. 17, 31 Five microstructures are used for each combination of the four attributes to quantify the uncertainty of the simulated grain coarsening and property degradation.
Results
Microstructure evolution in the baseline cathode.-The microstructure of one of the five baseline cathodes before and after the simulation is given in Figure 1 , which shows increase in LSM grain size during coarsening. The static YSZ grains can also be observed. The average LSM grain size increases from 0.53 μm to 0.78 μm after 150 hours. This is followed by the reduction of the TPB density from 1.65 μm −2 to 1.42 μm −2 , SSA of LSM from 0.74 μm −1 to 0.62 μm
and effective conductivity from 996 S to 947 S. The decrease in all ORR related properties due to coarsening is consistent with previous experiments and simulations, [14] [15] [16] [17] which demonstrates the necessity to reduce the coarsening rate in SOFC cathode.
Effect of phase fraction.-The effect of the phase fraction on the rate of coarsening and property degradation is investigated by changing the total phase fraction of YSZ (LSM) from 25% (45%) to 45% (25%) with step size of 5% while keeping the porosity to be 30%, so that the lowest phase fraction of YSZ (LSM) phase is slightly lower than the theoretical percolation threshold, i.e. ∼30%. The time evolution of the average grain size of LSM and the normalized TPB density, SSA of LSM and effective conductivity are given in Figure  2 . The first 500 equilibration steps are ignored so that the 0 hour corresponds to the 500th time step. The TPB density, SSA of LSM and effective conductivity are normalized by the corresponding property at 0 hour for the purpose of comparing the degradation rate in different cathodes. It is clear that both the growth rate of the average grain size of LSM and the degradation rate of TPB density and SSA of LSM in SOFC cathodes are greater when there is greater phase fraction of LSM. For the effective conductivity, despite that the degradation rate in the cathode with 30% LSM is slower than others at the early stage, its degradation rate after ∼60 hours is still faster than the electrode with phase fraction of LSM greater than 30%. Therefore, it is anticipated that for long term behavior, the degradation rate of the effective conductivity would decrease with increased phase fraction of LSM. Starting from the same average LSM grain size at ∼0.57 μm, the average LSM grain size reaches ∼0.85 μm and ∼0.67 μm after 100 hours in the cathode with 40% LSM and 25% LSM, respectively. This is consistent with the experiments on Ni-YSZ anode which shows that increasing the content of electrode phase leads to faster grain coarsening in the electrode. It notes that the effective conductivity increases in the first 15 hours in all the simulations then starts to decrease (Figure 2d ). We find that this early stage is a result of the adjustment of GSD. As noted in the methodology section, the initial GSD is assumed to be log-normal. However, we find that the GSD in the later stage after 15 hours is no longer log-normal. During the first 15 hours, the standard deviation of the GSD rapidly increases from ∼20% to ∼30% of the average grain size, but remains at ∼30% after the first 15 hours. This indicates that the GSD is self-similar in the later stage, which is a typical feature of Ostwald ripening, despite that there are two coarsening mechanisms, i.e. grain boundary motion and phase diffusion, in our simulations. Since the standard deviation increases in the early stage, it is anticipated that the relative amount of small grains increases in the cathode, which might lead to better connection between the LSM grains, hence the enhanced effective conductivity.
We quantify the rate of grain coarsening and property degradation by the relative changes in the average grain size and all three properties after 150 hours. These relative changes are plotted in Figure 3a as a function of the phase fraction of LSM. It again shows that the rate of grain coarsening and degradation of TPB density and SSA of LSM are all greater with more LSM phase. It clearly demonstrates that the slowly growing YSZ blocks the grain coarsening in the LSM phase, which reduces the degradation rate of the geometrical properties of the electrode as well. In contrast, the degradation of effective conductivity is slower with the increased fraction of LSM phase. Since the effective conductivity of the cathode comes from the percolated network of the LSM phase, it shows that the coarsening in SOFC cathode has limited effect on the percolation of the electrode phase when the phase fraction of the electrode phase is sufficiently greater than the percolation threshold, i.e. ∼30%.
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In addition to the effect on the rate of grain coarsening and property degradation, the phase fraction also affects the initial properties of the cathode. Figure 3b shows the initial TPB density, SSA of LSM and effective conductivity in the cathode with different LSM phase fraction normalized by the corresponding properties in the baseline cathode. It shows that the baseline cathode has the greatest initial TPB density, while the initial SSA of LSM and effective conductivity increases as the LSM phase fraction increases. Therefore, it is anticipated that the TPB density in the cathodes with LSM phase fraction greater than 35% will always be lower than the baseline electrode for that the degradation rate of TPB density is greater in these cathodes while they also have a lower initial TPB density. For the similar reason, the effective conductivity in the cathodes with higher LSM phase fraction will always be greater than the one with lower LSM phase fraction. On the contrary, the cathode with the greatest initial SSA of LSM may no longer have the greatest SSA of LSM after certain operation time, for that both the initial SSA of LSM and its degradation rate are greater in the cathode with greater LSM phase fraction. This implies that the interplay between the electrode initial properties and their degradation rate needs to be considered in the designing of an optimal initial microstructure in SOFC cathode.
Effect of average grain size.-We investigate the effect of average grain size on the rate of grain coarsening and property degradation in SOFC cathode by tuning the average grain size of LSM phase in the initial microstructure from ∼0.44 μm to ∼0.69 μm with step size of ∼0.06 μm, while the average grain size of YSZ phase is kept at ∼0.57 μm. The time evolution of the average grain size of LSM in cathode and the normalized TPB density, SSA of LSM and effective conductivity are given in Figure 4 . Again, the first 500 steps are ignored and the properties are normalized by the corresponding property at 0 hours. The early increasing in effective conductivity due to GSD adjustment discussed in the last section can be seen here as well. Figure 4 shows that the grain coarsening and the degradation of all three properties are slower when the initial average grain size of LSM phase are greater. The TPB density degradation after 100 hours reduces from 15% to 10% when the initial grain size of LSM increases from ∼0.44 μm to ∼0.70 μm. Previous phase field simulations show that the TPB density degradation in anode after 100 hours reduces from 69% to 42% when the Ni grain size increased from 0.25 μm to 0.5 μm.
16 Though a much slower degradation rate is obtained in this work due to the difference in interfacial energy and mobility, both simulations show that the average radius of electrode phase can affect the degradation rate of TPB in SOFC electrode.
The relative changes in the average grain size, TPB density, SSA of electrode phase and effective conductivity after 150 hours are given in Figure 5a as a function of the initial average grain size of LSM phase. Again, it shows that the evolution rate of all four properties is slower when the initial average grain size of LSM phase is greater. The relative change in SSA of LSM after 150 hours reduced from −20% to −13% as the initial grain radius increases from ∼0.44 μm to ∼0.69 μm. The degradation of effective conductivity in the cathode with initial grain radius of ∼0.69 μm is so slow that the effective conductivity even increases a little bit after 150 hours. It is clear that the smaller interface curvature in the cathode with greater grain size of LSM phase leads to lower driving force hence slows down the evolution of the microstructure.
The initial average grain size of LSM phase affects the initial electrode properties as well as their degradation rate. Figure 5b shows that the initial TPB density, SSA of LSM and effective conductivity all decreases with the increased LSM grain size. The differences in the initial properties are so great in this case that the cathode with smaller initial grain size of LSM always have greater properties up to 150 hours, in spite that the degradation rates of all properties are greater. The property differences indeed decrease after 150 hours, e.g. the TPB density in the cathode with initial LSM grain size of ∼0.44 μm is 10% and 6% greater than that in the baseline electrode at 0 and 150 hours respectively. But the difference in the degradation rate is not enough to change the order of the property up to 150 hours. More importantly, the difference in the degradation rate will decrease with time as the coarsening becomes slower and slower. Therefore, it is not clear whether the difference in the initial property will be reversed for longer time. This again demonstrates that the interplay between the initial electrode properties and their degradation rate needs to be considered to determine the optimal initial microstructure for SOFC cathode.
Effect of the standard deviation of grain size distribution.-We change the standard deviation of GSD of LSM phase from ∼0.05 μm to ∼0.22 μm with step size of ∼0.04 μm to explore its effect on the rate of microstructure evolution in SOFC cathode. The average grain size of LSM phase is kept to be ∼0.57 μm for all simulations. The corresponding difference in radius between the largest and the smallest grain ranges from 0.2 μm to 1.3 μm and the difference increases with increased standard deviation. The evolution of the average grain size of LSM phase and the normalized TPB density, SSA of LSM and effective conductivity are given in Figure 6 . It shows that the rate of grain coarsening and degradation of effective conductivity has a strong dependence on the standard deviation, but the degradation rate of TPB density and SSA of LSM is much less sensitive to it. As shown in Figure 7a , the relative change in grain radius after 150 hours is 29% and 45% in the cathodes with the smallest and the largest standard deviation respectively, while the loss of effective conductivity in these two cathodes is 0% and 7% respectively. Both show strong dependence on the standard deviation. On the contrary, the relative change in TPB density is −14% and −13% in the cathodes with the smallest and largest standard deviation, while the reduction in SSA of LSM in these two cathodes is 15% and 16% respectively. This basically means that the degradation rates of TPB density and SSA of LSM are independent of the initial standard deviation of GSD of LSM phase. Clearly, the larger difference in interface curvature caused by the greater standard deviation significantly speeds up the grain coarsening, but only slightly affects the degradation rate of TPB density and SSA of LSM.
With similar degradation rate of TPB density and SSA of LSM, the difference in the initial properties determines the performance of the cathode. In Figure 7b , it shows that the initial TPB density and SSA of LSM decrease with increased standard deviation of LSM GSD. This trend is the same for the entire simulation up to 150 hours, and is expected to remain after longer time. Therefore, tuning the standard deviation of LSM GSD can change the polarization resistance in the cathode without altering its degradation behavior. Moreover, our simulations show that the effective conductivity in the cathode with large standard deviation of LSM GSD is lower in the beginning and degrades faster. Thus, a narrower GSD of LSM is desired in the cathode for that the effective conductivity in it is expected to be greater than the cathode with broader GSD of LSM all the time.
Effect of Grain Shape.-The effect of the grain shape on the rate of grain coarsening and property degradation in SOFC cathode is investigated by tuning the relative length of three principle axes A, B, and C of the grains in the initial microstructure. In this work, we adjust the length of A-axis to be 1/5, 1/3, 1, 3, and 5 in the grains of both YSZ and LSM phase while keep B-and C-axis to be 1. And the pores are assumed to be equiaxed. The A-axis of all grains are assumed to be aligned in the z-direction. As mentioned in the methodology section, current phase field model assumes isotropic interfacial energy. Therefore, any anisotropy in the initial grains is anticipated to be eliminated after a certain simulation time if the grains are mobile. However, since the YSZ phase is static in our simulations, the anisotropy in YSZ grain would be kept during the simulation and we expect the resulting texture in the YSZ phase to alter the coarsening behavior of LSM phase.
The time evolutions of the average grain size of LSM phase and the normalized TPB density, SSA of LSM and effective conductivity in z-direction in the cathode with different grain shapes are given in Figure 8 . The grain shape affects the rate of grain coarsening and degradation of SSA of LSM and effective conductivity, but its effect on TPB density degradation is very limited. Starting from the same grain size, the average radius of LSM phase after 150 hours in the baseline electrode is ∼0.77 μm, while all the other electrodes with non-equiaxed initial grains show a greater final average grain size, i.e. ∼0.80 μm to ∼0.84 μm. Since the average grain radius is assumed to be the same regardless of the length of A-axis value, the overall interface area, hence the driving force of grain coarsening, would be greater in the cathodes with non-equiaxed initial grains than that in the baseline electrode. Therefore, it is understandable that the baseline electrode has the lowest coarsening rate. On the contrary, the relative change in TPB density after 150 hours is all around −14%. It is clear that the A-axis length of grains in electrodes does not have much influence on the degradation rate of TPB density.
The relative changes in the average LSM radius, TPB density, SSA of LSM and effective conductivity after 150 hours are given in Figure  9 as a function of the length of A-axis. Since the z-direction is no longer symmetric to x-and y-direction, the relative changes in the effective conductivity in x-direction are plotted as well. It shows that both the rate of grain coarsening and SSA degradation increase with increased anisotropy in the initial grains, while the degradation rate of TPB density is almost a constant. The degradation rate of effective conductivity in the z-and x-direction has different dependence on the length of A-axis. The former in general increases with increased length of A-axis, while the latter decreases with increased length of Aaxis. The large uncertainty in the effective conductivity in z-direction in Figure 8d suggests that the exception at A = 1/5 for the effective conductivity in z-direction might be related to the finite size effect of the simulation cell, for that the grain size is expected to be greater in xand y-direction, which requires greater cell in the x-y plane to obtain accurate estimation of the effective conductivity in z-direction. The exception at A = 5 for the effective conductivity in x-direction might be caused by the same effect. The relation between the length of Aaxis and the effective conductivity is clearly a result of how the grains are packed in the initial microstructure. Since the A-axis of all grains are aligned in z-direction, it is anticipated that the connectivity of LSM phase is better in z-direction than in x-direction when A/B>1, and better in x-direction when A/B<1. But the anisotropy in the LSM grain is losing during coarsening, which largely reduces the effective conductivity in z-and x-direction when A/B>1 and A/B<1 respectively.
Besides the degradation rate, the grain shape also affects the initial properties of SOFC cathode. Figure 9b shows that the baseline cathode has the lowest initial TPB density but the initial SSA of LSM is almost the same in all cathodes. It also shows that the initial effective conductivity in z-direction increases with increased length of A-axis, while the initial effective conductivity in x-direction decreases. It is noted that the effect of grain shape on the initial electrode property also depends on how the grains are packed in the microstructure. With the A-axis of all grains aligned in z-direction, we find that the increased anisotropy in grains not only increases the total area of the interfaces, but also increases the area ratio between YSZ-LSM interphase boundary and the surface of LSM/YSZ. The increased total area of the interfaces tends to increase both the TPB density and SSA of LSM, but the increased area ratio between the interphase boundary and the surface partly cancelled this effect, which makes SSA of LSM almost the same in all cathodes.
To further understand how the grain alignment affects the grain shape effect, we perform a set of simulations on the cathode with randomly aligned non-equiaxed grains. The time evolution of the average LSM grain radius and TPB density in the cathode with randomly aligned grains is compared to that in the cathode with fully aligned grains as plotted in Figures 9c and 9d . Only the case of A = 5 has been plotted for clarity, other cases with different lengths of A-axis are similar. The time evolution of the average LSM grain radius and TPB density in the baseline cathode is also plotted as a reference. It shows that the grain coarsening in the cathode with randomly aligned grains is slower than that in the cathode with fully aligned grains, but it is still faster than that in the baseline cathode. In contrast, all three curves of TPB density evolution are almost parallel to each other, indicating similar degradation rates. The TPB density in the cathode with randomly aligned grains is greater than that in the cathode with fully aligned grains, but both of them are greater than that in the baseline cathode. Our simulations show that the dependence of the degradation rate and initial value of TPB density and SSA of LSM on the length of A-axis is qualitatively the same in the cathode with randomly aligned grains and fully aligned grains. In addition, we find that the degradation rate of the effective conductivity in both x-and z-direction increases with increased anisotropy in grain shape. These results show that the cathode with equiaxed grains is favored regardless of grain alignment in the sense of minimizing degradation rate.
Discussion
The ORR rate in SOFC cathode is closely related to the TPB density and SSA of LSM. 7, 13, 33, 34 Large TPB density and SSA of LSM provide sufficient reaction sites for ORR, hence reduce the polarization resistance in cathode. In addition, the effective conductivity not only determines the ohmic resistance of the cathode, but also, as shown in our previous study, 17 reveals the connectivity of the LSM phase, which is also important to ORR rate in SOFC cathode. Thus, it is essential to maintain all these three properties in SOFC cathode during operations. The results present in current work provide some insights on how to slow down the degradation of cathode performance in SOFC by manipulating the initial microstructure.
The effect of the four attributes of initial microstructure on the rate of property degradation in SOFC cathode is summarized in Table I . It shows that the low degradation rate of TPB density can be expected by lowering the LSM phase fraction and increasing the average grain size, and the low degradation rate of SSA of LSM can be expected by the same adjustment of these two attributes plus keeping a low anisotropy in grain shape. The low degradation rate of effective conductivity, however, requires enhancing the LSM phase fraction. Therefore, the relative slow degradation rate of both polarization resistance and ohmic resistance in cathode is likely to be found in an initial microstructure with relatively high LSM phase fraction and small average grain size, or relatively low LSM phase fraction and large average grain size. In addition, the degradation rate of effective conductivity can be lowered by reducing the standard deviation of GSD without altering the degradation rate of TPB density and SSA of LSM. So the GSD in the initial microstructure should be kept as narrow as possible to prevent the increasing in ohmic resistance. However, the degradation rate of electrode properties is not the only concern. The cathode properties at a given time are determined by both their initial value and degradation rate. If the degradation rate of a property is faster in the cathode with lower initial value, then the order in the initial property would remain to be the same after coarsening. For example, the effective conductivity in the cathode with the least LSM phase would always be the smallest. But if the degradation rate of a property is faster in the cathode with higher initial value, the order in the initial property may be changed after coarsening. We find that the TPB density in the cathode with 40% LSM (∼1.61 μm −2 ) is greater than that in the cathode with 30% LSM (∼1.59 μm −2 ) initially, but the TPB density in the cathode with 40% LSM (∼1.49 μm −2 ) becomes less than that in the cathode with 30% LSM (∼1.51 μm −2 ) after 17 hours of coarsening, and the difference becomes even greater with further coarsening (∼1.35 μm −2 to ∼1.38 μm −2 at 150 hours) due to the faster degradation rate in the former. The effect of the four attributes of initial microstructure on the initial properties of SOFC cathode is summarized in Table II . It shows that although the electrode with greater average grain radius has smaller degradation rate, the initial value of TPB density, SSA of LSM and effective conductivity in it are all smaller, and they tends to be smaller up to 150 hours as shown in our simulations. Thus, it is better to tune the LSM phase fraction with a relative small average grain size for that both the polarization resistance and ohmic resistance are likely to be smaller in the cathode. It also shows that the cathode with smaller standard deviation of GSD is likely to have faster ORR rate, for that all three initial properties in Table II would be greater, while keeping a similar degradation behavior. In addition, both the phase fraction and grain shape can be used to tune the relative amount of TPB and SSA of LSM, which could be helpful in adjusting the relative amount of electrode surface pathway and bulk pathway in SOFC electrode. 12, 13 The simulations in this work show that it is possible to tune the performance degradation rate by delicately designing the initial microstructure in SOFC cathode. However, to what extend these results are applicable to real SOFC electrodes is still pending more refined study and experimental verification. For example, though the SSA of LSM in the cathode with initial LSM grain size of 0.63 μm is greater than that in the cathode with initial LSM grain size of 0.69 μm up to 150 hours, a longer simulation up to 580 hours shows that the SSA of LSM in the former becomes less than that in the latter after around 400 hours. Longer simulations would be required to understand the coarsening effect over even more longer terms. Another example is that only individual effect of these four attributes in the initial microstructure has been investigated, whether there are cross effects between them is unknown either. Further simulations with longer simulation time and more complete set of initial microstructures are needed.
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Conclusions
In this work, we investigated the effect of four attributes, namely, phase fraction, average grain radius, standard deviation of GSD and grain shape, of the initial microstructure on the rate of property degradation in SOFC cathode using a newly developed phase field model. The degradation rate of ORR related properties, i.e. the TPB density, SSA of LSM and effective conductivity, have been simulated. It is found that the degradation rate of both TPB density and SSA of LSM are affected by the LSM phase fraction (with constant porosity assumed) and average grain size in the microstructure, while the grain shape affects the degradation rate of SSA of LSM but not TPB density. The degradation rate of effective conductivity can be altered by tuning all four attributes, but it has an opposite dependence on LSM phase fraction as compared to that of TPB density and SSA of LSM.
Our simulations also show that the initial properties of SOFC cathode are also affected by these four attributes of the initial microstructure. The TPB density, SSA of LSM and effective conductivity are greater in the electrodes with smaller average grain size and standard deviation of GSD, and the grain shape can be used to tune the relative amount of TPB density and SSA of LSM. These results suggest that, in terms of the initial microstructure to minimize the degradation of cathode performance (the polarization and ohmic resistances), an initial microstructure with relatively low LSM phase fraction, small average grain size and narrow GSD of LSM is favored. It also suggests that grain shape can be used to tune the relative amount of electrode surface pathway and bulk pathway in SOFC cathode.
